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Although diatoms are important primary producers in the marine ecosystem, genetic engineering of diatom has been slow compared with higher plants due to the technical limitations of existing methods. An efficient genetic transformation system for diatom is urgently needed. The marine diatom Phaeodactylum tricornutum, which is enriched with proteins and lipids, is utilized in aquaculture as live feed for fishery. Due to its fast growth rate and sequenced genome, it has become a model species for diatom research. Genetically engineered P. tricornutum has been obtained by microprojectile bombardment (1) , where a variety of selectable markers and reporter genes were tested. To date, diatom transformation has solely relied on microprojectile bombardment. However, microprojectile bombardment is not routinely available, and costly consumables also limit its application in many laboratories. In contrast, electroporation is commonly used without the need for special consumables. Electroporation introduces foreign DNA into cells by temporarily opening pores in the cell membrane (2) . This method has been widely used for the genetic transformation of microbial and animal cells and has also attracted attention as a means of introducing DNA into algal cells. Success was first reported for a green alga, Chlorella ellipsoidea, where a foreign gene was transferred by electroporation to manipulate algal biosynthetic pathways (3). Subsequently, additional green microalgae species such as Chlamydomonas reinhardtii (4) and Chlorella vulgaris (5) were transformed by electroporation. Recently, an efficient transformation method based on electroporation has been developed for the oil-producing alga Nannochloropsis sp. (6) . In this study, we report for the first time the transformation of diatoms by electroporation.
An appropriate promoter is critical for a transformation vector. Good inducible gene expression systems are desirable because transgenic lines with inducible phenotypes are as useful as conditional mutants isolated by traditional genetics. Expression of nitrate reductase (NR) has been shown to be induced by nitrate in higher plant. The NR promoter from the microalga Transformation of diatom Phaeodactylum tricornutum by electroporation and establishment of inducible selection marker
Diatoms are important primary producers in the marine ecosystem. Currently it is difficult to genetically transform diatoms due to the technical limitations of existing methods. The promoter/terminator of the nitrate reductase gene of the model diatom Phaeodactylum tricornutum was cloned and used to drive chloramphenicol acetyltransferase (CAT) reporter gene expression. The construct was transferred by electroporation into P. tricornutum grown in medium lacking silicon. CAT expression was induced in transformed diatoms in the presence of nitrate, enabling growth in selective medium, and was repressed when ammonium was the only nitrogen source. Expression of CAT transcript and protein were demonstrated by RT-PCR and Western blot analysis, respectively. Our study is the first to report a successful genetic transformation of diatom by electroporation in an economical and efficient manner and provides a tightly regulated inducible gene expression system for diatom.
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Benchmarks

Method summary:
The nitrate reductase promoter/terminator of the model diatom Phaeodactylum tricornutum was cloned and used to control the expression of the chloramphenicol acetyltransferase (CAT) reporter gene. The construct was electroporated into P. tricornutum grown in f/2 medium minus silicon. Expression of CAT in diatom conferred resistance to chloramphenicol and the expression of CAT transcript and protein was demonstrated by reverse transcription PCR and Western blotting, respectively. CAT expression was induced by nitrate and repressed when ammonium was the sole nitrogen source.
Molecular Biology Microbiology
Cylindrotheca fusiformis is inducible and can be used for the controllable expression of foreign genes (7, 8 Figure 1A ) containing the CAT reporter gene controlled by the NR promoter/terminator of P. tricornutum was used for electroporation with a GenePulser Xcell apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Diatom cells in exponential phase (0.5 × 10 7 cells) were collected by centrifugation at 1350× g for 10 min, resuspended with 150 µL 1.0 M NaCl, and then mixed with 150 µL 0.1 M mannitol and kept on ice for 30 min. The salt concentration used here is higher than that used in other microalgae, such as the 10 mM CaCl 2 used for C. reinhardtii (9) , which contributes to the permeability of the diatom cells during the pulse phase. A suspension aliquot of 0.4 mL was mixed with 0.4 µg plasmid and then transferred into an electroporation cuvette (Gene Pulser/MicroPulser Cuvette, 0.4 cm gap; Bio-Rad Laboratories). By observing electroporated cells under microscope to examine their mortality ratio, electroporation parameters were set as 1.5 kV, 25 µF, and 400 Ohm, to keep the ratio of normal cells to damaged cells at about 3:1. To achieve high transformation efficiency, the pulsed diatoms were kept in nonselective medium for 24 h to allow recovery before spreading on selection plates. After electroporation, cells were transferred into 10 mL f/2-Si medium, kept in the dark for 2 h, and then incubated in nonselective medium at 23°C for 24 h (12L:12D) under a photon flux density of 200 mol m −2 s −1 . Cells were then collected by centrifugation at 1500× g for 5 min and resuspended in 1 mL medium. Transformed cells were selected on selection plates with nitrate as the nitrogen source. The sensitivity of P. tricornutum to chloramphenicol was tested beforehand, and it could not survive ≥200 mg/L chloramphenicol, which is consistent with a previous report (10) . Hence, chloramphenicol at 200 mg/L was used for selection of transformants. Surviving cells on selection plates were streaked and later cultured in liquid medium supplemented with chloramphenicol, while untransformed cells inoculated in parallel could not grow even after 2 weeks, indicating that CAT was successfully expressed and resulted in chloramphenicol resistance. The overall transformation efficiency was estimated to be approximately one transgenic colony per 10 5 cells, similar to those reported for other P. tricornutum transformation systems (7, 10) . Transformed cell lines cultured in liquid medium were subjected to PCR screening using primers CATf and CATr, which can amplify fulllength coding sequence of CAT gene, and an expected 0.7-kb band was present in the transgenic cell line while absent in wild-type ( Figure 1B) . CAT transcription was shown by RT-PCR. Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and finally treated with RNase-free DNase I (New England BioLabs, Ipswich, MA, USA) for 30 min at 37°C. First-strand synthesis was carried out using the Superscript First-Strand Synthesis system (Invitrogen). The CAT transcript was amplified using primers CATf and CATr. Actin16 was used as an internal control, and primers were designed according to Siaut et al. (11) to amplify a 156-bp fragment. The 0.7-kb CAT transcript was detected in transgenic cells ( Figure 1C , left, lane 1) but not in wild-type cells ( Figure 1C, left, lane 2) . A 156-bp actin16 band was present in both wild-type and transgenic cells ( Figure 1C,  middle) .
For Western blot analysis, total protein was extracted, and the protein concentration was determined using the Bio-Rad Protein Assay kit (Bio-Rad Laboratories). Protein (20 µg/well) was separated by SDS-PAGE and electrophoretically transferred to PVDF membrane (Pall, Pensacola, FL, USA). The blot was blocked in Tris-buffered saline with Tween (TBST) containing 5% BSA for 2 h and incubated for an additional 2 h with rabbit anti-chloramphenicol antibodies (Bluegene Biotech Ltd, Shanghai, China) at 1:300 dilution. The blot was washed three times with TTBS and then incubated with HRP-conjugated goat anti-rabbit secondary antibody (1:5000) (Beijing ComWin Biotech Ltd., Beijing, China) for 1 h. The BeyoECL Plus (Beyotime, Jiangsu, China) kit was used to detect cross-reacting bands. Although the antibodies showed several nonspecific bands, the cross-reacting 29-kDa CAT band (arrowhead) was detected in transgenic cells ( Figure 1D , lane 2) while absent in wild-type ( Figure 1D, lane 1) .
For nitrogen induction, cells were tested for growth up to 3 weeks in chloramphenicol-containing media with either nitrate or ammonium as the nitrogen source. Transgenic cells streaked on the plate containing NaNO 3 as the sole nitrogen source could grow well, while no growth occurred on the plate containing NH 4 Cl as the sole nitrogen source even after a 3-week incubation ( Figure 1E ). Wild-type cells could not grow in both cases ( Figure 1E ). These results indicated that CAT expression under NR promoter control was repressed in the presence of ammonium (NH 4 Cl) and induced by nitrate (NaNO 3 ).
In addition to pHY11, we have successfully transformed constructs incorporating an additional cassette containing either enhanced GFP (eGFP, 6.3-kb construct; Supplementary Figure S1 ) or phospholipid:diacylglycerol acyltransferase gene (6.9-kb construct, unpublished) driven by the fcpC promoter/fcpA terminator of P. tricornutum. In conclusion, we have demonstrated that electroporation is a convenient method for the transformation of the diatom P. tricornutum and have also presented a tight gene regulatory system useful for conditional gene expression in P. tricornutum.
